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Lung Volumes and Capacities

To review first

4 rules for diffusion of gas
e Surface area

* Thickness

e Concentration

e Distance
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l (a) Normal lung | | (b) Emphysema: destruction of alveoli
reduces surface area for gas exchange.

Po, normal
0, Po, normal or low

JPOZ normal Po, low

| .
| (c) Fibrotic lung disease: thickened | (d) Pulmoinary ederli'lf?. fluid in interstitial [
alveolar membrane slows gas exchange. Snecoingreases diffusloh Gaance.

3 Arterial Pco, may be normal due to
Loss of lung _compﬂance may decrease higher CO, solubility in water.
alveolar ventilation.

Exchange surface normal
P, normal or low Po, normal
£ :[—lncreased diffusion distance
W/Poz o =m===—P0, low

g € 2007 Pasrsen Edciton e fubishng s Bargame Cummegn Copprght © 2007 Pearson Edwoaton, 1o, putisnng as Besjamen Cummings

5 (e) Asthma: increased airway resistance [
decreases airway ventilation.

Bronchioles constricted
P()2 low

—PQ, low

Caopyright © 2007 Pearson Education, Inc., publishing as Benjamin Cummings.




Diaphragm Structures perforating diaphragm: Number of letters =T level:
structures AUTS: IVC, T8: vena cava
ALT10: esophagus, vagus (2 trunks). T10: (0)esophagus
AUT12: aorta (red), thoracic duct (white), T12: aortic hiatus
azygous vein (blue).
Diaphragm is innervated by C3,4,and 5 (phrenic - “C3, 4, 5 keeps the diaphragm
nerve). Pain from the diaphragm can be referred —— alive”
to the shoulder.
Centrfal tendon
| Inferior vena cava (T8)
—~Esophagus (T10)
W - Descending aorta (T12)
Infrior view Vetebrae
Gas exchange barrier

0 Surfactant
(constitutive secrefion)

Typell
epiﬂxelial cell

Lamellar bodies

Air-blood
barrier

2 Typel
J\ epithelial cel

Capillary

Macrophage

0

[umen
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Pheumocytes Pseudocolumnar cilited cells extend to the Mucus secretions are swept
tespitatory bronchioles; goblet cells estend only —— outof the lungs toward the
to the terminal bronchioles mouth by ciliated cell,

Type Leells (97% of alveolar surfaces| line the Alecithin-to-sphingomyelin
alveali, Squamous; thin for optimal gas diffusion. — ratio of > 2.0 in amniotic

Tope I cells (3% secrete pulmonary surfactant fluid is indicative of fetl
dipahmiloy! phosphatidylcholing), which b the — Tung matur;

alveolar surface tension. Cuboidal and clustered.
Also serve as precursors to type | cells and other
{ype [T eells Type IT ells proliferate during
lung damage.

Clara cells—nonciliated; colamnar with secretory
granules, Sectete component of surfactant;

degrade toxins; act as reserve cells,

* The following terms describe the various lung
(respiratory) volumes:

about 500 ml, is the amount of air
inspired during normal, relaxed breathing.

about 3,100 ml, is
the additional air that can be forcibly inhaled after the
inspiration of a normal tidal volume.

about , is
the additional air that can be forcibly exhaled after the
expiration of a normal tidal volume.

about 1,200 ml, is the volume of air
still remaining in the lungs after the expiratory reserve
volume is exhaled.
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Summing specific lung volumes produces the following lung capacities:

about 6,000 ml, is the maximum amount of air that can fill
the lungs

— ).

about 4,800 ml, is the total amount or air that can be expired after
fully inhaling

about 3,600 ml, is the maximum amount of air that can be
inspired

about 2,400 ml, is the amount of air remaining in
the lungs after a normal expiration

Some of the air in the lungs does not participate in gas exchange. Such air is located in the
anatomical dead space within bronchi and bronchioles—that is, outside the alveoli.

Dead Space

* Anatomical dead space — volume of the
conducting respiratory passages (150 ml)

* Alveolar dead space — alveoli that cease to act
in gas exchange due to collapse or obstruction

» Total dead space — sum of alveolar and
anatomical dead spaces




Muscles of
respiration

Quiet breathing:

Inspiration—diaphragm.
Fxpiration——passive.

Exercise:

Inspiration—external intercostals, scalene muscles, sternomastoids.
Expiration—rectus abdominis, internal and external obliques, transversus abdominis
internal intercostals.

Important lung 1. Surfactamt—produced by type IT pneumocytes, Surfactant-—dipalmitoyl
products 1 alveolar surface tension, T compliance, phosphatidylcholine
1 work of inspiration (lecithin) deficient in
2. Prostaglandins nconatal RDS.
3. Histamine T bronchaconstriction Collapsing pressure =
4. Angiotensin-converting enzyme (ACE j— 2 {tension)
angiotensin | — angiotensin [I; inactivates radius
bradykinin (ACE inhibitors T bradykinin and
cause cough, angioedema)
5. Kallikrein—activates bradykinin
Lung volumes 1. Residual volume (RV)—air in lung after Vital capacity is everything but
maximal expiration the residual volume.
2. Expiratory reserve volume (ERV)—air that can A capacity is a sum of 2 2
still be breathed out after normal expiration volumes,
3. Tidal volume (TV)—air that moves into lung
with each quiet inspiration, typically 500 mL
4. Inspiratory reserve volume (IRV }——air in excess
of tidal volume that moves into lung on
maximum inspiration
5. Vital capacity (VC)—TV + IRV + ERV
6. Functional residual capacity (FRC)—RV + ERV
(volume in lungs after normal expiration)
7. Inspiratory capacity (1C)—IRV + TV
8. Total lung capacity—TLC = IRV + TV + ERV + RV
Ay 60
pressure
Volume:
a
Fositive [
2
(zeroy 22
Negative 12 FRC
RY
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Oxygen-hemoglobin dissociation curve

TH* | pH
High altitude, T 2,3-DPG

PO, (mmHg)

Sigmoidal shape due to positive
cooperativily, i.e., hemoglobin
can bind 4 oxygen molecules
and has higher athnity for
each subsequent oxygen

molecule bound.

Cyanosis When curve shifts to the right,
Hypoxemia ) atfinity of hemoglobin
Hb saturation (%) Normal for O, (facilitates unloading
100 - . of O; to tissue).
L An T in all factors (except pH)
T Oy affinity, L Pg, - . canses a shift of the curve
| metabolic needs 75 L } , to the right.
i E'(PQT’ i:lemperature I / Lo, affinity, TPy AL in all factors (except pH)
1P J K T metabolic needs causes a shift of the curve to
12,3.DPG 50F / T Pco,, T temperature the left
Fetal Hb ' K X

Fetal Hb has a higher affinity for
oxygen than adult Hb, so its
dissociation curve is shifted left.

Right shit—CADET face right:
Co,

Acid/Altitude
DPG (2,3-DPG)
Exercise

Temperature

and systemic circulation. A b in Pao, causes a

poorly ventilated regions of lang to well-ventilated

tegions of hung,

Pulmonary Normally a low-resistance, high-compliance system. A consequence of pulmonary
circulation P, and Peo, excrt opposite effects on pulmonary — hypertension is cor

pulmonale and subsequent
hypoxic vasoconstriction that shiffs blood away from — right ventricular failure
(jugular venous distention,

edema, hepatomegaly).

1. Perfusion limited—0, (nommal health), CO,
N,0. Gas equilibrates carly along the length of
the capillary. Diffusion can be T only if blood
flow 1

2. Diffusion limited-—0, (emphysema, fibrosis),
CO. Gas does not equilibrate by the time

bload reaches the end of the capllary.
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Oifusion mited (2., 0C) Peflsion e 23, C0, 1,0
0 Nomal 0, 0 P i Py
0 [l [ o e e e s e
.t B Equltrn
===~ Flross Paalpessae
(ifusionimied) | dfeenc e
aedl i and
[ ponay sl 1y
blod
br
Lengh alng pumonary capilay Lengh aong pumonary capley
Slar Lengih aong End
pulmonery capilary P, = gl prssireof as oy caplny blood
P, = il st of g n sl i

) ) ) — nressre |
Pulmonary vascular PVR = ! pulm artery ~ ! L atrinm | pulm attery = PTESSUTC 1N
resistance (PVR) " Cardiac output pulmonary artery.
P, = pulmonary wedge
Remember: AP=Q xR soR = AP/ Q. Latium = | S

" yressire.

R=6nl/n prowtie -

1 = the viscosily of inspired air;
| = airway length;

r=airway radius.

Oxygen content of 0, content = (O, binding capacity x % saturation) + dissolved O,
blood Normally 1 g Hb can bind 1.34 mL O,; normal Hb amount in blood is 15 g/dL.

Cyanosis results when Hb is <5 g/dL.
0, binding capacity = 20.1 mL, O, /dL.
0

, content of arterial blood | as Hb falls, but O, saturation and arterial Po, do not.
Atterial Po, | with chronic lung disease because physiologic shunt | O, extraction ratio.

Oxveen delivery to tissues = cardiac output X oxygen content of blood.
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Alveolarges equato o <7l Pco, PAo, =alvcolar Py (g
T Plo,=Po, ningpire i
Can normall be approvimeted: (g,
Mo,= 150 Paco, /0§ PAco, =alicclr Poo, mmly|.

R = espiatory quotient.

Y gdient=PAo-Pao, =
-5 mmflg,

Tha gmdicm Ay oceur
Fyporeni causesinclude

hunting, IQ misatch,

Rbross (difusion block .

V/Q mismatch

Ideally, ventilation is matched to perfusion (i.c.,

VIO = 1) in order for adequate gas exchange to occur.
Lung zones:

1. Apex of the lung—V/Q = 3 (wasted ventilation)

2. Base of the lung—V/Q = 0.6 (wasted perfusion)
Both ventilation and perfusion are greater at the

base of the lung than at the apex of the lung.




With exercise (T cardiac
output), there is vasodilation
of apical capillaries,
resulting in a VO ratio that
approaches 1.

Clertain organisims that thrive in
high O, (e.zg.. " T'B) Hourish in
the apex.

VIO — O = airwav obstruction
(shunt). In shunt, 1009 O,
does not improve PO

NI — o= = blood How
obstruction {( phvsiologic dead
space). Assuming = 1007% dead
space, 100% O improves PO5.

Apex: Py P, 5P - VIQ =3

(wasted ventilation)
Zone 1 %

Py>Py>P,
Zone 2 %

"""" —< |Base:P.>P P, = V=06
Zone 3 % (wasted perfusion): NOTE: both
- ventilation and perfusion are greater
at the base of the lung than at the apex
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The Bohr Effect Occurs 1n the
Svstemic Capillaries

From Tissues —a((2 + H2O —=-H2CO3—a=-HCO3- + H+

i

To Tissues - (32 —+ Hb» - Hb(2

¥

HHDbL

From Tissues —m» (02 + Hb—= Carbaininohemoglobin

The Bohr Effect describes the result of increasing CO, in causing more oxygen unloading
from hemoglobin.

It results from two circumstances:
1) the effect of lowering pH as described above,
2) 2)the effect of carbaminohemoglobin in stimulating oxygen unloading

Main Gases of the Atmosphere

Gas Symbol Approximate %

Nitrogen N2 78.6
Oxygen 02 20.9
Carbon Dioxide CO2 0.04
Water Vapor H20 0.46

3/29/2009
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CEN S ENINE

e Partial Pressure

— Each gas in atmosphere contributes to the entire
atmospheric pressure, denoted as P

* Gases in liquid

— Gas enters liquid and dissolves in proportion to its partial
pressure

e 02 and CO2 Exchange by DIFFUSION
— P02 is 105 mmHg in alveoli and 40 in alveolar capillaries
— PCO2 is 45 in alveolar capillaries and 40 in alveoli

Partial Pressures

e Oxygen is 21% of atmosphere
e 760 mmHg x .21 =160 mmHg PO2

e This mixes with “old” air already in alveolus to
arrive at PO2 of 105 mmHg

12



Partial Pressures

» Carbon dioxide is .04% of atmosphere
e 760 mmHg x .0004 =.3 mm Hg PCO2

e This mixes with high CO2 levels from residual
volume in the alveoli to arrive at PCO2 of 40

mmHg

Carbon Dioxide Transport

Method Percentage
Dissolved in Plasma 7-10 %

Chemically Bound to
Hemoglobin in RBC’s 20-30%

As Bicarbonate lon in
Plasma 60 -70 %

3/29/2009
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Oxygen Transport

Method Percentage
Dissolved in Plasma 1.5%

Combined with Hemoglobin  98.5 %

Chloride Shift in Tissue Capillaries

o Binds to
CO, 5 In plasma) J plasma proteins
ow
» CO,+ H,0 H;C0; ——-HCO, ™+ H*

Chioride
shift

3 Fast
CO,-+ H,O sy H,CO; — HCO;+ H*
Carbonic
anhydrase

CO;+ Hb=HBCO, (Carbamino-
hemoglobin)

HbO, — O, + Hb

\—* Red blood cell

i Hi A O, (dissolved in plasma) Blood plasma

(a) Oxygen release and carbon dioxide pickup at the tissues
Copyright & 2001 Benjamin Gummings, an imprint of Addison Wesley Longman, Inc.
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Chloride Shift in Pulmonary
Capillaries

CO;, (dissolved in plasma)

Slow
CO, +H,0 <—— H,CO;<—— HCO;™ + H*

P =
: Fi
COp +H0 ‘—f:- H,COy <— H*+ HOO; <
Carbonic
anhydrasa

|
i

COy - m '. 2 €O, -+ Hb <—HbCO, (Carbamino-
1 . hemoglobin)

0y Oz 4+ HHb —= HbO, + H* i

0, 'l | | 0 (dissolved in plasma) Blood plasma
L 1

(b) Oxygen pickup and carbon dioxide release in the lungs
Caopyright © 2001 Benjamin Cummings, an imprint of Addison Wesley Longrman, Inc.

Topyng & The MoGraa- M Companies, . PErISaon Tequred 10 eproauzion of display.

Inspired air —"/_—_\ r_\-\\ Expired air

Po, = 160 m m‘ Po, = 120
Peo,=03 o _ D”Tm Po, SRS, = 40 PCO2=27

- —

Pulmonary capillary
k Blood in pulmonary veins
Iy, n

( Tissue capillary

Po, =40 Pco,=45 EE

(5] Interstitial

Po,=40 Pco,=45 fluid Po,=40 Ptf?z =45

[ Po;=20 7PEE:, =46
S| 'ﬁ;ql.ﬁi: lis >

3/29/2009
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Effect of pH on Respiration

T pH resulting

100

80

40

Parcent saturation of hemoglobin

rom $CO2 or H+

Decreased carbon dioxde increases the
(Pco, 20 mm Hg) or H* (H 7.6) association of
oxyvgen with
hemoglobin.
Mormal arterial
caroon dioxide . i
O T AN e
or HE (pH 7.4) rom TCO2 or H+

decreases the
association of
oxygen with
hemogl obin.

Increased carbon dioxide
Py, 80U mm HY)
orH (gHT.2)

L)}

20 40 60 30 100
F'n-z (mm Hg)

Capyright © P01 Rarjamin Cummings, an impaint of Addizar Weslsy | angmar, Ine

100 |-
| =
oz 80
og I
&3
- 60 Ll
@
Increased 40
oxygen { =
release 20
to tissues I

0

(a) Po, in tissue —420
Increased <22

uptake of
oxygenin 80
lungs

60

40

%0,
saturation

20

0
(b)

Topyng i The Metraa- M CormpEries, e, PerISaon TequTed 167 [eproaucion of iEplay.

Curve before shift

Curve shifts to right
as pHY, CO,% temperature

i L 1 1 1

40 60 80
Po, (mm Hg)

urve shifts to left
as pH4, CO, ¥, temperature¥

Curve before shift

L L L i L I L

20 60 80 100,105
Po, (mm Hg) Po; in lungs

3/29/2009
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Percent saturation of hemoglobin

3

b
=

(b)

Copyright @ 2001 Banjamin Cummings, an imprint of Addison Wesley Longman, Inc.

5

3

3

=

Decreased carbon dioxide
{(Pco, 20 mm Hg) or H* (pH 7.6)

MNormal arterial
carbon dioxide
or H* (pH 7.4)

Increased carbon dioxide
(Pco, B0 mm Hg)
or H (pH 7.2)

20 40 &0 80 100
FPg, (mm Hg)

Percent saturation of hemoglobin

(a)

100

o]
o

3

8

N
o

0

Normal body
temperature

Copyright @ 2001 Benjamin Cummings, an imprint of Addison Wasley Longman, Inc.
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Topyng & The MCEw-T Comparies. e, Permisson Tequred 1or reproducion or dieplay.
100 oo -
§ Oxygen released
80 - : to tissue
5 B i : at rest: 23%
B 60} : ;
2 B H :
8 : :
o 40T : :
o I : =
= 20} ; :
0 20 40 60 80 100 105
} Poy(mm Hag) 4
(a) Po; in tissue at rest Po; in lungs
/‘\ ,Z \ )
23% | -
758 98%
In resting tissues, hemoglobin
releases some oxygen, which is Hemoglobin saturated with oxygen
(b) like partially emptying the glass. in the lungs is like a nearly full glass.

£ 100 20
8
=) Volume of O,
E 80 unloaded to
[ e TR 15 tissues
. A
Q
= 60 3
o (=]
E 10 =
3 40 E
3 S
od
© 20 * 3
E O
8 E
& 0

0 20 40 60 80 100

f f

Tissues Lungs
Po, (mm Hg)

Copyright @ 2001 Benjamin Gummings, an imprint of Addison Wesley Lengman, nc.
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(@)

Capillary wall

L.np\,-nﬁ ™ The MCmw-H Companies, Inc. Fermisaion required for reproduction or display.

(b)

\ Higher brain centars
(Mher receplors (e.g., pain)

Factors Influencing Respiration

(cerebral cortex—waluntary
control over breathing)
and emotional stimuli acting x
througn the hypothaiamus
-
* e +—— Respiratory centers
l l (medulla and pons)
Peripheral __:I \
chemoreceptors * J ™ ! .
Ogzi» CO Y HYt i A
Stretch receptors
+ = inlungs — |
Central f ey
chemorecoptbors =
CO, 1. H* ¢ - : =1
B> Irritant | \
5 Receplors in I '
% . muscles and joints /II
b |
.
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